Even during succinate oxidation, which was shown to be coupled much less effectively with CO2 fixation, the CO2 utilized during the same interval is 8% of 02 uptake.
. A coupling between reductive fixation of CO2 and heterotrophic oxidation of substrate is consistent with the observed effect of DNP. The efficiency of coupling of fixation with oxidation was studied for acetate, D-glucose, L-glutamate, D, L-lactate, D-ribose, and succinate as substrates. Kinetic studies showed that the efficiency of coupling (expressed as disintegrations per minute of C'4 per microliter of 02) was initially time-variable for all substrates; however, it approached a constant value after 30 to 45 min for acetate, glutamate, lactate, and succinate. The initial variation of the ratio with time was due primarily to C1402 uptake, which was nonlinear with time. Control studies in the absence of exogenous substrate indicated that CO2 fixation may also be linked to oxidation of endogenous stores accumulated during heterotrophic growth. D-Ribose appears to be the most promising substrate for short-term fixation studies owing to the rapid incorporation of C'4 and the unusually low endogenous fixation rate by cells grown on ribose. Calculations reveal that, after isotopic equilibration has occurred, the amount of CO2 utilized during glucose oxidation is almost 50% of 02 uptake during the same interval.
Even during succinate oxidation, which was shown to be coupled much less effectively with CO2 fixation, the CO2 utilized during the same interval is 8% of 02 uptake.
The carbon metabolism of the facultative hydrogen autotroph Hydrogenomonas facilis is of considerable interest because the organism grows either autotrophically or heterotrophically. Ready reversion to a markedly different mode of growth poses an interesting question of regulatory mechanism(s). It is well established (Bergmann, Towne, and Burris, 1958; McFadden, 1959; Hirsch, Georgiev, and Schlegel, 1963 ) that a major pathway of assimilation of CO2 by H. facilis under autotrophic conditions (H2, 02, C02) is identical with the photosynthetic cycle [for a review, see Calvin (1962) ]. McFadden (1959) (Schlegel et al., 1961) . All experiments were performed at 30 C.
After thermal equilibration for 5 min, the fluid level in the manometers was adjusted by expiration of breath into the flasks. This procedure enriched the CO2 content of the flask atmosphere and shortened the interval necessary for attainment of the desired CO2 level. After equilibration of CO2 for 1 hr, the substrate was tipped to the cells. All substrates were used at concentrations well into the zero order range with respect to kinetics of 02 consumption. Thus, quantitative transfer to the main compartment was unnecessary. A period of up to 20 min prior to C14 addition was then allowed to compensate partially for the lag in oxidation known to occur with various substrates. The KHC403 solution was then tipped to the cells (zero time for C1402 fixation and oxygen up)take).
At intervals of 15, 30, 45, 60 , and 75 min, two flasks were rapidly removed and opened, and 0.3 ml of 5 N H2SO4 containing 0.5% Tween 80 (v/v) was added. About 20 sec were required for the killing operation. Control flasks were treated in like manner after a 75-min fixation period.
Plating and counting. Samples of 0.50 or 1.00 ml of cell suspension were removed from the flasks and plated on M\illipore membrane filters (Atkinson and McFadden, 1956 Effect of 2,4-dinitrophenol (DNP). Cells were prepared as described for the efficiency runs. Experimental flasks contained: 2.0 ml (3.5 mg, dry weight) of cells in basal medium, 0.4 ml of KHC'403 (5 X 106 dpm) solution (pH 7.0) in a side arm, and Pardee buffer as described. The remaining arm contained 0.5 ml of: (i) glucose in basal medium, (ii) glucose and DNP in basal medium, or (iii) basal medium alone (controls). All other manipulations were as described earlier, except that a single fixation period of 60 min was studied.
Studies (at least 45 min). For this reason, all subsequent studies were conducted over a 75-min period. Before proceeding with a study of the other substrates, it was necessary to obtain evidence that the C'4 fixed was related to oxidation and not merely the result of an exchange process. This evidence is presented in Table 1 . It can be seen that glucose-grown cells oxidizing glucose fixed large amounts of C'402. Omission of the substrate led to greatly decreased 02 uptake and an approximately parallel decrease in C'402 fixation. The curtailment of heterotrophic fixation by DNP is striking. Even at a concentration of 4.1 X 10-5 M which stimulated 02 consumption, the C1402 uptake was sharply diminished.
The other substrates were subsequently tested. As may be seen from Fig. 2 incorporation observed with heat-killing, demonstrating that a small fraction of labeled compounds are acid labile. Since the ordinate (Fig. 2) D-ribose, *; and succinate, E, by cells which had been grown on the same substrate provided during the oxidative studies. The lower six curves represent the corresponding endogenous uptakes (averages of duplicates). points describing this curve, which shows the time course of C14 uptake into the center well during lactate oxidation, is not too surprising considering the experimental procedure employed. It is obvious that leveling off occurs about 30 min after KHC'403 tipping and thus about 2 hr after closing of the flask. This is most probably a result of isotopic equilibration, in the sense that related species such as C02, HC03-, and C03= have reached a constant and identical specific activity. That such equilibration would be exlected in the 30-min time period observed is supported by the data of Mills and Urey (1940) .
In the period after addition of KHC"103 and prior to isotopic equilibration, the wick increased in C'4 content. Therefore, the cell suspension, in contact with the wick via the gas phase, may be initially enriched in C'4, the C14 then being slowly lost to the wick via C'402. This is consistent with the initially high values of C14 uptake compared with 02 uptake observed in all cases.
Comparison of efficiencies of coupling during oxidation of exogenous and endogenous compounds. As noted, controls lacking substrate were run concurrently to the 75-min interval during the experiments depicted in Fig. 2. In Fig. 5 Ribose gave the greatest amount of fixation for the least 02 uptake. Therefore, its calculated efficiency at 75 min was far greater than that of any other substrate tested. Data from endogenous controls revealed a wide range of values for fixation and oxidation. Generally, the C14 uptake paralleled the extent of endogenous oxidation. Ribose-grown cells exhibited an unusually low and constant endogenous rate of 0.15 ,liters of 02 per min. Comparison of efficiencies for fixation coupled with oxidation of exogenous and endogenous compounds again revealed a wide range of values.
With acetate and succinate-grown cells, C'4 fixation was more efficiently coupled to oxidation of storage material than to oxidation of the substrate itself. In the presence of ribose, oxidation of the substrate was coupled much more efficiently with C14 fixation than it was with oxidation of cell storage material. Finally, for cells grown on glutamate, glucose, and lactate, the coupling efficiency was about equal and not VOL. 86, 1963 greatly affected by the presence of exogenous substrate.
DIscussION
The data presented should be regarded as semiquantitative. Precision of the dpm of C'4 per microliter of 02 values was often rather poor. Part of the problem resulted from clumping of cells, affecting each stage requiring transfer of cell suspensions. More subtle factors may also have resulted in some imprecision. These include the geometries of flasks and of folded wicks, both of which would alter the rate of isotopic equilibration. Additionally, mention should be made of the fact that undoubtedly some CH02 incorporation occurred prior to provision of KHC'403 to cells. This was unavoidable because of the time necessary for equilibration of Pardee buffer with the gas and liquid phase. It was desirable to use KHC'403 at pH 7 to maximize the rate of equilibration after it was added to cell suspensions at pH 7. Finally, some C'4 incorporation occurred in the brief period between substrate addition and KHC1403 addition. In summary, the experiments were necessarily complicated. However, they were carefully standardized, and reasonably meaningful comparisons of the characteristics and efficiency of heterotrophic fixation for different substrates are possible.
The 1.5% CO2 atmosphere used in the present studies represents an environment that may obtain in soil (Baver, 1956) , which is one, if not the only, natural habitat of H. facilis (Schatz and Bovell, 1952 facilis (Schlegel et al., 1961) . Furthermore, C14 incorporation into the polymer from labeled acetate, lactate, or succinate was reported by Schlegel and Gottschalk (1962) . These authors also reported that polymer synthesis does not occur from sugars in H. facilis. This is in accord with the very low endogenous 02 consumption observed in the present work with ribose-and glucose-grown cells.
Assimilation of C'402 during the oxidation of ribose results in large incorporation of label. It is inviting to speculate that growth on ribose may lead to relatively high levels of enzymes of the autotrophic carbon pathway. Hirsch et al. (1963) proposed that this pathway functions detectably during succinate oxidation by suceinategrown H. facilis in the presence of C'402 . Extrapolation to zero time of the efficiency curves (Fig.  2) has indicated the feasibility and desirability of using ribose as an exogenous substrate in studies of the pathway of heterotrophic CO2 assimilation. To be sure, the mechanisms of such fixation probably vary strikingly as a function of substrate provided.
The most significant finding of the present work is the large magnitude of heterotrophic CO2 fixation by H. facilis. This can be readily estimated by considering the observation (Fig. 4) that distribution of C14 of provided KHC'403 into CO2, HCO3-, C03-, and related species apparently occurs in the course of the experiments described, resulting in equivalent specific activities for each of these species. Thus, the microliters of CO2 utilized can be calculated for an interval after isotopic equilibrium has been established. For example, the interval in the experiment with glucose can be chosen where C'4 uptake in comparison with 02 uptake was essentially constant (60 to 75 min) and the number Robinson, and Purdie, 1951; Schlegel et al., 1961; Lafferty, 1963 (Abelson, Bolton, and Aldous, 1952) that the ratio of millimoles of C02 fixed to millimoles of glucose consumed is 0.21. Assuredly, it is well documented that utilization of intermediates derived from heterotrophic metabolism is the major assimilatory process for diverse living forms. However, the significance to assimilatory processes of complete combustion coupled with cellular incorporation of some of the end product, C02, may have been widely overlooked.
